INTRODUCTION
Over the last decade, a variety of in vivo gene transfer techniques have been described and implemented. For instance, replication-competent retroviruses (e.g., RCAS vectors) (1) are now routinely used in the chick as an effective gene transfer system (2) (3) (4) . Recently, electroporation, a relatively new gene transfer technique, has emerged as a leading technology for delivering DNA into both mitotic and postmitotic cells in vivo (5) (6) (7) (8) (9) (10) . Electroporation involves a transient permeabilization of the cellular plasma membrane by pulsed electric fields that allow exogenous polynucleotides to enter the cell. It has proven to be a very effective transfection technique, transferring multiple DNA copies into the cell. Nonviral expression vectors and, to a lesser extent, viral vectors (i.e., proviral DNA) have been used successfully to misexpress genes in a variety of organisms (10) (11) (12) . Vectors encoding green fluorescent protein (GFP) or one of its mutant forms, such as enhanced GFP (EGFP), are routinely used as a control for this gene transfer technique. Interestingly, recent studies suggest that GFP and its analogs are not as biologically inert as previously thought (13) (14) (15) . In this study, we examined the effects of in ovo electroporation of proviral RCASBP(B)-EGFP DNA on gene expression in the embryonic chick hindbrain.
MATERIALS AND METHODS

Chick Embryos
Fertilized Hubbard broiler hen eggs (i.e., not pathogen-free; IJtsma, Airdrie, AB, Canada) were incubated at 38°C for the times indicated. Embryos were staged according to the method of Hamburger and Hamilton (16) .
Retroviral Construction and Infection
Chick embryo fibroblasts and concentrated viral stocks of the RCASBP(B) recombinant retroviral vector encoding EGFP [RCASBP(B)-EGFP] were prepared and titered as described previously (2, 17) . Concentrated viral supernatant (plus 80 µg/mL polybrene plus 0.01% Fast Green; Sigma, Oakville, ON, Canada) was injected using a picospritzer (Model PV820 Pneumatic Picopump; WPI, Sarasota, FL, USA) into the lumen of the neural tube of stage 7 to 8 embryos using glass micropipets (WPI) with an opening of 5-10 µm. Howard's Ringer (250 µL) containing penicillin/ streptomycin (0.01%; GIBCO/BRL, Burlington, ON, Canada) was carefully placed on top of the embryo immediately after each treatment. After injection, the eggs were sealed with Scotch tape and incubated for an additional 48 h. The embryos were then fixed in 4% paraformaldehyde in phosphatebuffered saline (PFA/PBS), pH 7.4, at 4°C, examined under the fluorescent microscope for GFP, and subsequently processed via in situ hybridization.
In Ovo Electroporation
Proviral RCASBP(B)-EGFP DNA, a nonviral pCL-EGFP, or the wild-type proviral RCASBP(B) DNA (i.e., without the EGFP insert) were dissolved in Tris-EDTA (TE), pH 8.0, plus 0.01% Fast Green to approximately 1 µg/µL and injected in the lumen of the neural tube of stage 9 to 10 embryos. Subsequently, two L-shaped solid platinum electrodes (0.2 mm diameter, 1 mm electrode length; WPI), positioned 4 mm apart, were placed on top of the vitelline membrane on either side of the hindbrain parallel to the neural tube. Care was taken to ensure that the electrodes did not touch the embryo. Ten 20-to 25-V square pulses (50-65.5 V/cm) of 25 ms duration were generated at 1 Hz with an electroporator (Model ECM830 Electro Square Porator; BTX, San Diego, CA, USA). Because DNA is negatively charged, it migrates towards the anode during electroporation. Thus, due to the position of the electrodes, only one half of the hindbrain (the anode side) will be transfected. The contralateral half (the cathode side) acts as an internal control. Howard's Ringer (250 µL) containing penicillin/streptomycin (0.01%) was carefully placed on top of the embryo immediately after each operation. After electroporation, the eggs were sealed with Scotch tape and incubated for an additional 48 h. The embryos were then fixed in 4% PFA/PBS at 4°C and examined under the fluorescent microscope for green fluorescence signals.
In Situ Hybridization
Whole-mount RNA in situ hybridization was performed using nonradioactive digoxigenin (DIG)-labeled RNA probes as described previously (3), except that the embryos were hybridized at 74°C. High-stringency posthybridization washes were also carried out at 74°C, and the embryos were incubated at 4°C in pre-absorbed anti-DIG-alkaline phosphatase (AP) (Roche Diagnostics, Laval, Que, Canada) in TBST (137 mM NaCl, 2.7 mM KCL, 25 mM Tris-HCl, pH 7.5, 2 mM levamisol, and 1% Tween ® 20) for approximately 64 h. Specimens were refixed using 4% PFA/PBS prior to flat-mounting and/or storing. Antisense DIG-labeled RNA probes were synthesized according to the manufacturer's instructions (Roche Diagnostics) using the following DNA templates. For Tlx-1 and Tlx-3, 800-and 600-bp probes, entirely contained within their respective 3′-untranslated regions (UTRs), were made as previously described (18, 19) . For Phox2a and Phox2b, gene-specific probes were made by linearizing pKSII Bluescript subclones containing partial Phox2a and Phox2b cDNA inserts of 389 and 374 bp, respectively, with EcoRI and transcribed using T7. For RCASBP(B), an approximately 1-kb SalI to ClaI fragment from RCASBP(B) was subcloned into pSK Bluescript (Stratagene, La Jolla, CA, USA), with the resulting plasmid linearized using SalI and transcribed using T3.
RESULTS
To investigate whether the expression of EGFP transferred by means of electroporating proviral RCASBP(B) DNA affected gene expression patterns in the developing chick hindbrain, we focused our attention on the mRNA expression pattern of the divergent homeobox containing gene, Tlx-1 (also known as Hox11) (18, 20) . Subsequently, to evaluate whether the effects described below were unique for Tlx-1 or whether other genes were similarly affected, we also examined the expression of the closely related family member Tlx-3 (also known as Hox11L2 and Rnx) (21, 22) as well as two members of another family of transcription factors, Phox2a and Phox2b (23) .
Electroporation and Injection of Viral Expression Vectors
Electroporation of proviral RCASBP(B)-EGFP DNA. Injection of the neural tube with proviral RCASBP(B)-EGFP DNA followed by electroporation resulted in distinct unilateral GFP expression in the hindbrain area in 88% of the preparations (n = 26). Since this procedure results in unilateral transfection of the hindbrain (i.e., only the "anode" side receives the transgene, indicated by red bar in Figure 1 , A and A′), the other half of the hindbrain can be regarded as an internal control. Ectopic expression of Tlx-1 was observed on the transfected side in 81% of the embryos expressing EGFP ( Figure 1A′ ). In some embryos, ectopic expression of Tlx-1 was restricted to a few rhombomeres, but in more than 60% of the embryos, ectopic Tlx-1 expression was observed in all rhombomeres ( Figure 1A′ ). Interestingly, ectopic Tlx-1 mRNA expression was restricted to the dorsal half of the neural tube (i.e., located dorsal to its normal domain of expression) ( Figure 1A′ ).
Infection with concentrated RCASBP(B)-EGFP viral supernatant. The above results show that the combination of proviral RCASBP(B)-EGFP DNA and electroporation induced changes in the endogenous expression of Tlx-1. To examine whether these effects were due to the method of delivery (i.e., electroporation) or due to the expression of the transgene itself, concentrated RCASBP(B)-EGFP supernatant (i.e., replication-competent retrovirus) was injected into the neural tube, and Tlx-1 mRNA expression was examined. Infection with the replication-competent retrovirus resulted in widespread bilateral EGFP expression in the hindbrain in 80% of the embryos (n = 10) ( Figure 1B) . However, no ectopic expression of Tlx-1 mRNA was observed in any of the retroviral infected embryos ( Figure 1B′ ). Thus, SHORT TECHNICAL REPORTS the ectopic Tlx-1 expression observed following electroporation of the same vector is not simply due to expression of the transgene. The question remains however, is it is the electroporation technique itself or the combination of DNA transfer and electroporation that causes the aberrant Tlx-1 expression.
Electroporation of the wild-type proviral RCASBP(B) DNA. To test the hypothesis that the electroporation procedure itself might be the cause of the aberrant Tlx-1 mRNA expression following electroporation of proviral RCASBP(B) EGFP DNA, we injected the lumen of the neural tube with vehicle only (TE, pH 8.0, plus 0.01% Fast Green) and subjected these preparations to electroporation protocols identical to those used above. Analysis of Tlx-1 mRNA expression in these preparations revealed no ectopic Tlx-1 mRNA in the hindbrain (n = 10; data not shown).
To determine whether the electroporation procedure combined with the transfer of DNA induced the ectopic Tlx-1 mRNA expression, we injected and electroporated wild-type proviral RCASBP(B) DNA (i.e., lacking the inserted EGFP sequences) and subsequently analyzed Tlx-1 mRNA expression. Electroporation with the wild-type proviral RCASBP(B) DNA resulted in unilateral expression of viral RNA in the hindbrain ( Figure 1C ). Ectopic Tlx-1 mRNA expression was detected in 88% of the embryos following electroporation of this vector (n = 8; Figure 1C′ ). The expression pattern was remarkably similar to that observed following electroporation with the proviral RCASBP(B) DNA vector encoding EGFP (c.f., Figures 1, A′ and  C′) . Thus, we conclude that it is not the electroporation technique per se, but the combination of DNA transfer and electroporation that is responsible for the dramatic changes observed.
Electroporation of a Nonviral Expression Vector
To determine if the ectopic expression of Tlx-1 was specific to the electroporation of proviral DNA expression vectors, we injected and electroporated a nonviral vector encoding EGFP (pCL-EGFP) into the hindbrain. GFP 
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fluorescence was readily detected unilaterally in the hindbrain following electroporation in 90% of the embryos (n = 10; Figure 2A ). However, no changes in Tlx-1 mRNA expression were observed ( Figure 2A′) .
Together, our results indicate that the aberrant Tlx-1 mRNA expression in the developing chick hindbrain is specific to electroporation of proviral DNA.
mRNA Expression of Tlx-3, Phox2a, and Phox2b Following Electroporation of Proviral DNA To evaluate whether the effects described above are unique or whether electroporation of proviral RCASBP(B) DNA affects genes other than Tlx-1, we examined the expression of the closely related family member Tlx-3 and two members of another family of transcription factors, Phox2a and Phox2b. In contrast to Tlx-1, the expression of Tlx-3 was down-regulated in the hindbrain following injection and electroporation of either the proviral RCASBP(B)-EGFP DNA (n = 10) or the wild-type proviral RCASBP(B) DNA (n = 8). Figure 3A shows the pattern of Tlx-3 mRNA expression in the hindbrain following electroporation of proviral RCASBP(B) DNA. Although in some embryos a reduction in expression occurred in all rhombomeres, the effect was strongest in rhombomeres 1 and 2 ( Figure 3A) . Parenthetically, the apparent up-regulation of Tlx-3 in rhombomere 4 was not observed in the other embryos. Overall, 28% of the embryos showed a distinct reduction in the expression of Tlx-3 following electroporation with proviral RCASBP(B) DNA ± EGFP. This effect was never observed following viral infection with the replication-competent retrovirus RCASBP(B)-EGFP (data not shown).
Interestingly, 71%-75% of the embryos injected and electroporated with the proviral RCASBP(B)-EGFP vector or the wild-type proviral RCASBP(B) DNA also showed a reduction in the number of cells expressing Phox2a or Phox2b (n = 14 and n = 8, respectively). Figure 3B shows a clear reduction along the anterior-posterior axis in the number of cells expressing Phox2a in the transfected side. A similar effect was observed for Phox2b (data not shown).
DISCUSSION
In this study, we examined the effect of electroporation and retroviral-mediated gene transfer on the expression of endogenous genes in the hindbrain of embryonic chick. We showed that when a proviral, replication-competent DNA vector [RCASBP(B)-EGFP] was used in combination with electroporation to deliver a GFP transgene to the developing chick hindbrain, the expression of a number of transcription factors undergo marked changes. Electroporation of proviral RCASBP(B)-EGFP resulted in ectopic expression of Tlx-1, while the number of cells expressing Tlx-3, Phox2a, and Phox2b were reduced. Significantly, similar changes in expression were seen when a wild-type proviral RCASBP(B) vector (i.e., lacking an insert) was used. However, neither delivery of the EGFP transgene by means of viral infection nor electroporation alone yielded aberrant expression patterns. This implies that the observed changes in gene 
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expression were not simply due to the expression of EGFP itself, but rather reflect a confounding effect of electroporating a proviral RCASBP(B) DNA vector. At present, we can only speculate as to the explanation for this phenomenon. It is conceivable that the deleterious effects are associated with the replicative nature of the vector coupled with the high transfection efficiency of the electroporation method. Electroporating proviral DNA transfers multiple proviral copies into a cell. Theoretically, once inside the cell, the proviral DNA sequence is transcribed, and replication-competent retroviruses are produced. Proviral DNA sequences as well as replication-competent retroviruses have the potential to integrate into the genome (24) (25) (26) . Thus, this method potentially results in the integration of multiple replication-competent viral copies in one cell, substantially increasing the risk of insertional mutagenesis. Interestingly, super infection of chick embryonic cells in culture has been shown to induce morphological and molecular abnormalities (27) . In this respect, it is possible that different results may be obtained if a pathogen-free strain of embryos is used. In addition, the long terminal repeat (LTR) present in a variety of retroviruses (including Rous sarcoma) has been implicated in independently mediating trans activation of a variety of genes (28, 29) . Thus, it is likely that the nature of the RCASBP(B) vector, combined with the high transfection efficiency of the electroporation method, may explain the aberrant gene expression.
Specific Regions of Altered Gene Expression?
We demonstrated that gene transfer by means of electroporation consistently resulted in unilateral expression of the transgene in the majority of the cells in the hindbrain. Intriguingly, we did not observe a 1:1 relationship between expression of the transgene and the ectopic expression of Tlx-1. That is, while the transgene was uniformly expressed along the dorsal-ventral axis (i.e., from the most dorsal edge of the hindbrain to the ventral midline), ectopic Tlx-1 expression was for the most part limited to dorsally located cells. Little or no ectopic expression was observed ventrally. Thus, only a subset of dorsally located cells expressing the transgene ectopically expressed Tlx-1. In this respect, it is interesting to note that the ectopic expression of Tlx-1 tended to be located dorsal to its normal domain of expression. On the other hand, although unlikely, we cannot exclude that this distribution results from local variations in electrical field strength and/or vector distribution. Although cell death might explain the observed down-regulation in expression of Tlx-3, Phox2a, and Phox2b, it is unlikely to explain the observed ectopic expression of Tlx-1. Furthermore, if the electroporated cells were being selectively killed, transgene expression should also be lost. Clearly, the majority of the cells in the hindbrain still express the transgene 48 h after electroporation.
Direct or Indirect Effects?
One of the questions left to answer is how RCASBP(B) triggers the changes in expression of the four transcription factors reported here (i.e., are the effects due to direct or indirect effects on transcriptional regulation of each of the genes). In this context, it is interesting that the same treatment, which causes an up-regulation of Tlx-1 expression, causes the expression of a second family member, Tlx-3, to be down-regulated. Although it is possible that Tlx-1 and Tlx-3 mutually repress each others' expression, as has been shown for class I and class II proteins (11, 30, 31) , this seems unlikely because we observed no overlap in the areas showing aberrant expression of Tlx-1 and the areas in which Tlx-3 expression was downregulated. Also, ectopic expression of Tlx-1 was observed in 80%-88% of the embryos, whereas Tlx-3 was affected in only 28% of the embryos, suggesting that RCASBP(B) regulates expression of these two family members independently. In addition, although there seems to be overlap in expression patterns between the Tlx and the Phox family members (18, 23, 32) , a mouse Tlx-3 knockout study indicated that the expression of Tlx-3 and the Phox family is independently regulated, and it seems unlikely that Tlx-3 is a direct downstream target of Phox2a or Phox2b (32) .
Overall, our data strongly suggests that regulatory mechanisms intercede in the effects of the provirus rather than some nonspecific mechanism enhancing gene transcription in a global fashion. Moreover, our study indicates that transferring proviral RCASBP(B) DNA by means of electroporation has widespread consequences on the expression of a multitude of genes during early embryogenesis.
